The aim of the present study was to investigate the effects of neonatal excitotoxic lesions of the medial prefrontal cortex (mPFC) on social play, social behavior unrelated to play, and self-grooming in juvenile and adult rats. We additionally examined the behavioral effects of chronic pubertal treatment with the cannabinoid agonist WIN 55,212-2 (WIN) in order to test the hypothesis that early lesions render the brain vulnerable to cannabinoid intake in later life. Neonatal mPFC lesions and pubertal WIN treatment disrupted social play, social behavior, and self-grooming in juvenile and adult rats. Additionally, we observed more social play behaviors during light cycle in WIN-treated than in vehicle-treated rats. Notably, the combination of surgery and WIN treatment disrupted social behavior in lesioned and sham-lesioned rats. The present data indicate that the mPFC is important for adequate juvenile response selection in the context of social play and might be involved in the development of adult social and nonsocial behavior. Moreover, our data add further evidence for an involvement of the cannabinoid system in anxiety and social behavior. Additive effects of neonatal surgery-induced stress or cortical lesions in combination with pubertal cannabinoid administration are also shown. The disturbances of social and nonsocial behavior in rats are comparable to symptoms of early frontal cortex damage, as well as neurodevelopmental disorders in humans, such as schizophrenia and autism. Therefore, we propose the combination of neonatal cortical lesions with chronic cannabinoid administration during puberty as an animal model for studying neuronal mechanisms of impaired social functioning in neuropsychiatric disorders. 
INTRODUCTION
Early prefrontocortical damage in humans has been shown to impair cooperative and reciprocal behavior, social interactions, and social cognition (Eslinger et al, 2004; Anderson et al, 1999) . Inadequate social behavior is also a notable characteristic of neurodevelopmental psychiatric disorders, including schizophrenia and autism. Social withdrawal and isolation are key components of the negative symptoms of schizophrenia. The core symptoms of autism include specific impairments of reciprocal social relationships, cooperative play with peers, and impoverished or atypical social behavior (DSM IV, American Psychiatric Association, 1994; Waterhouse et al, 1996; Grossman et al, 1997) . Adult animals that have sustained neonatal lesions are increasingly recognized as useful models to study neurodevelopmental deficits underlying neuropsychiatric disorders (eg Lipska et al, 1995 Lipska et al, , 2002a Flores et al, 1996) . It is well known that dysfunctions and morphological abnormalities of the prefrontal cortex (PFC) are strongly implicated in the pathophysiology of schizophrenia (Benes et al, 2000; Selemon, 2001; Weinberger and Lipska, 1995) and are also involved in autism (Baron-Cohen et al, 1999; Mundy, 2003; Luna et al, 2002) . It has been shown that neonatal lesions of the PFC alter cortical structure, connectivity, and behavior differently than do PFC lesions in adult animals (Kolb and Whishaw, 1985; Kolb et al, 1987; Flores et al, 1996; Bennay et al, 2004; Schwabe et al, 2004) . Therefore, neonatal PFC lesions have been proposed as an adequate model to investigate early developmental aberrations (Flores et al, 1996; Bennay et al, 2004) .
In addition to early neurodevelopmental processes, the ontogenetic transition from youth to adulthood is a critical developmental period. Puberty is accompanied by maturational processes in the medial PFC (mPFC) and limbic regions (Spear, 2000) , which are characterized by both progressive and regressive changes, such as myelination and synaptic pruning (De Bellis et al, 2001) . Furthermore, maturation of neurotransmitter systems such as the glutamatergic, the dopaminergic, and also the endogenous cannabinoid system occur during this period (Spear, 2000; Rodriguez de Fonseca et al, 1993) . These maturational processes are necessary for the occurrence of adult behavioral performance and are vulnerable to the adverse effects of drugs (Chambers et al, 2003) . A recent study reported different effects on social play and social behavior after acute ethanol administration in adolescent and adult rats (Varlinskaya and Spear, 2002) . We have previously shown that chronic pubertal administration of the synthetic cannabinoid agonist WIN 55,212-2 (WIN) leads to more severe and long-lasting behavioral disturbances in adulthood than a comparable treatment of adult rats (Schneider and Koch, 2003) . These findings are in accordance with other studies finding similar effects in humans (Ehrenreich et al, 1999; Pope et al, 2003) and rodents (Stiglick and Kalant, 1985) . Moreover, there is growing evidence for an association between pubertal cannabis consumption and subsequent risk of developing schizophrenia (van Os et al, 2002; Arseneault et al, 2002 Arseneault et al, , 2004 Zammit et al, 2002) .
Social play behavior is an activity common to juveniles of many mammalian and avian species (Fagen, 1981) and is a complex and early form of (nonmother-directed) social behavior (Pellis and Pellis, 1998; Vanderschuren et al, 1997) . Social play has a considerable incentive value (Vanderschuren et al, 1997 (Vanderschuren et al, , 1995 and is important for the development of social skills and the selection of appropriate behavioral patterns (Vanderschuren et al, 1997) . Since play fighting is most obvious in mammals, it was suggested that social play is positively correlated with encephalization (Fagen, 1981) and depends upon distinct specializations of the mammalian brain such as a highly evolved neocortex (Panksepp et al, 1994) . Surprisingly, it was found that neonatally decorticated rodents still engage in play fights as juveniles (Panksepp et al, 1994; Pellis et al, 1992) . These findings indicate that an intact cortex is not necessary for rats to engage in social play and, therefore, cannot be involved in the motivation of social play behavior (Pellis et al, 1992) . However, decorticated rats showed a significant reduction in pinning, a common position in play fights in which one rat stands over a supine partner. By itself, pinning is an insufficient measure for investigating the mechanisms of an altered frequency of social play, since most pins arise from combined action of two play partners, where one attacks and the other adopts a particular defensive position (Pellis et al, 1992) . A thorough study by Pellis et al (1992) showed that the reduced pinning frequency in decorticated rats reflects an altered pattern of defense, rather than a reduction in play fighting.
Social play and social behaviors unrelated to play differ particularly in their ontogenetic processes (Vanderschuren et al, 1995) . The onset of play fighting begins at about 18 days postnatally . This behavior is shown most frequently between day 30 and 40 and decreases in puberty, but does never disappear completely, whereas social behaviors unrelated to play in rats remain constant over the whole lifespan (Vanderschuren et al, 1995) .
Therefore, the present study investigated the effects of neonatal excitotoxic mPFC lesions on play fighting, social behavior unrelated to play, and self-grooming in juvenile and adult rats. Motivational aspects of adult social behavior were determined by means of a conditioned place preference (CPP) test (Van den Berg et al, 1999) . Furthermore, the effects of chronic pubertal WIN treatment in combination with neonatal lesions on adult rats' behavior was also tested.
METHODS

Subjects
In all, 71 naïve male first-generation offspring Wistar (Hannover) rats from our breeding colony were used for this study. Adult male and female Wistar (Hannover) rats were purchased from Harlan-Winkelmann (Borchen, Germany) and housed together in pairs under standard conditions in Macrolon cages (Type IV) on a 12 h light-dark schedule (lights on 0700-19 00). They had free access to tap water and were fed ad libitum. The litters were culled to eight pups immediately after birth (all male if possible). In order to avoid litter effects, equal proportions of rats of each litter were assigned to the different treatment groups. After weaning on postnatal day (pd) 21, male pups were housed in a different room in groups of three to six in Macrolon cages (Type IV) under standard conditions on a 12 h lightdark schedule (lights on 0700-1900). They received free access to tap water and were fed ad libitum until pd 40 after reaching a body weight of 180 g. Then, they were maintained on a body weight of 250-300 g by controlled feeding of 12 g rodent chow/rat/day.
The experiments were carried out in accordance with the NIH ethical guidelines for the care and use of laboratory animals for experiments, and were approved by the local animal care committee.
Drugs
WIN (Sigma-Aldrich, Germany) was dissolved in 0.1% Tween 80 and diluted in saline (0.9% NaCl). The drug was administered intraperitoneally (i.p.) at a dose of 1.2 mg/kg. Ibotenic acid (Sigma-Aldrich, Germany) was dissolved in 0.1 M phosphate-buffered saline (PBS). For neonatal lesions, 2 mg/0.3 ml ibotenic acid was administered bilaterally (see surgery). The experimenter was not aware of the drug or surgery treatment of the animals during behavioral testing.
Experimental Procedure
Rat pups were randomly assigned to lesion, sham-lesioned, or naïve control groups on pd 7. Surgery took place on pd 7 and the animals were left undisturbed afterwards until weaning on pd 21. Prepubertal behavioral testing (social behavior, play behavior, and locomotor activity) took place between pd 30 and 35. The peripubertal chronic treatment with WIN or vehicle lasted 25 days from pd 40 to 65 (throughout the rats' puberty). During this period of time, the rats received 20 injections i.p., which were not delivered regularly. The rats received either 1, 2, or no injection each day (10 times one injection, five times two injections, and 10 times no injection per day) (Schneider and Koch, 2003) . This protocol was chosen in order to mimic the irregular consumption practice in humans (Lamarque et al, 2001 ). Adult rats were tested again for play behavior and social behavior between pd 80 and 85. Behavioral testing in an open field took place on pd 80 and CPP for social contact was tested between pd 90 and 100.
Surgery
Animals that were randomly assigned to lesion or shamlesioned groups were anesthetized by hypothermia on pd 7, which was achieved by placing the pups on ice for 15-20 min. Rats were then fixed in a stereotaxic apparatus (TSE, Bad Homburg, Germany) with atraumatic ear bars and snout holder for small animals. Ibotenic acid (2 mg/ 0.3 ml) was infused bilaterally over a period of 180 s (0.02 ml/ 12 s) using a microliter syringe (SGE, Germany GmbH) into the mPFC (2.5 mm rostral, 70.3 mm lateral, and 3.3 mm ventral to bregma). Stereotoaxic coordinates were based on pilot studies and the Atlas from Sherwood and Timiras (1970) . Sham-lesioned rats received an equal volume of PBS. The needle was left in place 1 min before the injection of ibotenic acid/PBS and 5 min after infusion in order to prevent back flow of neurotoxin through the needle track. After surgery, wounds were closed with medical adhesive and the rats were put on an electrical heating pad before being returned to their mother.
Behavioral Testing
Play fighting, social behavior unrelated to play, and selfgrooming. One aim of the present study was to investigate the spontaneous occurrence of play, social behavior, and self-grooming and its possible disturbances after neonatal lesions and chronic cannabinoid exposure. Therefore, the animals were not isolated before videotaping, a common method that is used to induce an enhanced frequency of playful activities in other studies. All animals were videotaped in their homecages for recording play behavior and social activities in a group of pairmates. Rats were divided in groups of three (one lesion, one sham-lesioned, and one control animal). All groups were tested in their homecages in the prepubescent period, between day 30 and 35, and in the postpubescent period after reaching sexual maturity, between day 80 and 85. After prepubertal testing, half of the groups received the chronic WIN administration, whereas the others received vehicle. Tests were conducted for 2 h between 18 00 and 2000. The first hour of recording started in the light half of the animals' cycle and the second hour took place in the dark half (under 60 W red light). For videotaping, a panasonic camcorder was used. Several behavioral elements were quantified, which are discussed below.
Play behavior: Beside the frequency of play behaviors (pins, attacks, and defensive behavior) (Pellis et al, 1992; Pellis and McKenna, 1995; , the percentage of defensive behavior depending upon the number of attacks received was also evaluated (see Defense). We further analyzed the percentage of pins for an animal, initiated by its own complete rotation and also the probability to respond upon an attack. Additionally, the number of play behaviors (pinning, attacks initiated, and attacks received) that occurred during light phase were scored and evaluated as the percentage of the total number of play that appeared during light and dark. During the light phase, only pins and attacks were scored as markers for play behavior, since only few play fights occurred during this phase:
(1) Pins: One animal is lying on its back with the partner standing over him. Since both animals are involved actively in this behavior pinning was counted for both of them. (2) Attacks: One animal brings the tip of his snout either in contact with or very close to the nape of its playpartner. (3) Defense: Withdrawal of the nape area by a rat upon attack. Since different rats attacked at different frequencies, the number of defensive responses by each rat depended on the number of attacks received. Therefore, the rate of defense was also expressed as the percentage of the total number of attacks received (Pellis et al, 1992) . (a Social behavior: Contact behavior, social investigation, and tail manipulation were scored as social behaviors (Vanderschuren et al, 1995; (1) Contact behavior: Contact behavior includes (a) grooming (chewing and licking the partner's fur) and (b) crawling over the partner. (2) Social investigation: Sniffing at any part of the partner's body, mainly the anogenital area. (3) Tail manipulation: Grabbing, biting, and pulling the partners tail (mainly seen in juvenile rats).
Self-grooming behavior: Licking or biting their own fur and rubbing the forepaws over the head (Robertson et al, 1999) .
CPP for social contact. Place preference conditioning took place in a plastic box (25 Â 84 Â 33 cm 3 ), which consisted of three different compartments. The two larger test compartments were separated through a white start box (25 Â 13 Â 33 cm partner was placed as a nonsocial stimulus. Each experiment was carried out over 7 days and was divided into (I) preconditioning phase, (II) conditioning phase, and (III) postconditioning phase (Van den Berg et al, 1999) . On day 1, all rats were acclimatized to the test box for 10 min where they had free access to all three compartments. On the following day, the initial place preference (time the animals spent in the three different compartments, respectively) was measured for 10 min for all groups. Afterwards, all test animals were isolated in small Macrolon cages where they stayed until the following test period. The conditioning apparatus has been designed such that naïve animals do not show an initial preference for either of conditioning compartments upon the first exposure, allowing for unbiased tests (Cheer et al, 2000) . The conditioning phase consisted of four training days, each including two 10 min sessions. First, the rat was placed in compartment 2 with a nonsocial stimulus (social partner behind the glass panel), and directly afterwards, the rat was placed in compartment 1 where it could freely interact with a social partner. During conditioning, the compartments were closed to restrict exploration of the box. In the postconditioning phase (place preference test), which followed directly after the last training day, the rats had free access to all three compartments for 10 min and the time spent in each compartment was recorded.
Since a 4-day period of social isolation was necessary for the experiment, only adult rats were tested for CPP. 
Histological Preparation and Tissue Staining
After completion of behavioral tests, rats were deeply anesthetized with an overdose of chloral hydrate and transcardially perfused with PBS followed by 4% paraformaldehyde. Brains were removed and cryoprotected in phosphate-buffered 30% sucrose solution for 2 days before they were cut on a cryostat (40 mm). The sections were mounted on gelatine-coated slides and Thionin (Nissl) stained.
Histological Investigation
The extent of the mPFC lesions was determined in adult animals using a Zeiss (Göttingen, Germany) light microscope. Subjects with unilateral or misplaced lesions were deleted from further analysis. The absence of lesions was verified in sham-lesioned rats. The volume of the mPFC, including the subregions anterior cingulate, prelimbic, and infralimbic cortex, was determined using the MetaMorph image analysis system (Visitron-Systems, Purchheim, Germany) in all lesioned rats. The mPFC volume was measured in six consecutive sections (distance: 240 mm, since every sixth section was Nissl stained) starting at 3.2 mm anterior to bregma on the basis of the area on coronal sections and the distance between adjacent sections: (
Statistical Analysis
The data for juvenile animals after mPFC lesion were analyzed using one-way analysis of variance (ANOVA), followed by post hoc Tukey's t-tests for pairwise comparisons. The effects of neonatal lesion and chronic pubertal cannabinoid treatment on play behavior, social behavior, and locomotor activity in adult rats were evaluated using two-way ANOVA, followed by post hoc Tukey's t-tests for pairwise comparisons. CPP was analyzed using a three-way ANOVA for repeated measure, followed by Tukey's t-tests for pairwise comparisons. An alpha value of 5% was considered to represent a significant effect.
RESULTS
Histology
Neonatal mPFC lesions on pd 7 were visible in adult animals as tissue scars, tissue thinning, and cytoarchitectural abnormalities, which were restricted to the infralimbic, prelimbic, and anterior cingulate cortices ( Figure 1 ). No subjects had to be removed from this study, since all lesions were restricted to medial prefrontocortical regions. The volume of the mPFC was significantly reduced in all neonatally lesioned rats, independent from the chronic cannabinoid administration during puberty compared to shams and controls (ANOVA: F 2,40 ¼ 38.42; po0.05) ( Table 1) .
Behavioral Testing
Play fighting, social behavior unrelated to play, and self-grooming.
Play behavior in juvenile rats: Neonatally lesioned rats were significantly less involved in pinning behavior than controls (ANOVA: F 2,35 ¼ 3.40; po0.05) (Figure 2 (Figure 3 ). However, neonatally lesioned animals initiated significantly fewer attacks than shams and controls (ANOVA: F 2,48 ¼ 6.57; po0.05), whereas chronic WIN treatment had Neonatal mPFC lesions did not affect the probability of defense in juvenile rats when being attacked. However, lesioned rats were less likely than shams (*p ¼ 0.033) to initiate pinning (IBO and SHAM, n ¼ 13; CONTROL, n ¼ 12). Percentage analysis of defensive strategies in adults showed no differences between the different treatment groups in the probability of responding upon an attack and the percentage of initiated pinning (IBO, IBO/WIN, SHAM, SHAM/WIN, CONTROL, and CONTROL/WIN, n ¼ 9). Figure 2 Frequency of different social play and defense behaviors in juvenile rats. Neonatally lesioned rats showed a reduced pinning frequency compared to controls (*p ¼ 0.035). They also differed significantly from shams (*p ¼ 0.040) and controls (*p ¼ 0.008) in the use of complete rotation to the supine position. Furthermore, lesioned rats more frequently showed the partial rotation compared to shams (*p ¼ 0.006) and controls (*p ¼ 0.018) (IBO and SHAM, n ¼ 13; CONTROL, n ¼ 12). Neonatal lesions did not alter the propensity of juvenile rats for initiating attacks and being attacked by a play partner, and the frequency of evade and other defensive strategies.
Effects of neonatal excitoxic lesions of mPFC M Schneider and M Koch Percentage of play during light phase recording: The number of play behaviors (pinning, attacks initiated and received) that occurred during light phase were scored and evaluated as the percentage of the total number of play that appeared during light and dark ( Figure 5) . No percentage evaluation of defensive behavior was carried out for the light phase, because only few playful activities occurred during this phase. No effects were seen in juvenile animals (Figure 5a) Social behavior in juvenile rats: Neonatally lesioned and sham-lesioned rats showed a significant reduction in the total amount of social behaviors compared to controls (Figure 6) CPP for social contact. CPP for social contact was reduced in lesioned and sham-lesioned animals that had received chronic cannabinoid administration during puberty (Figure 8) . A direct comparison of the time spent in each compartment for the different treatment groups (surgery and cannabinoid treatment) revealed an interaction effect (ANOVA: F 2,64 ¼ 3.53; po0.05). All groups developed a Figure 6 Frequency of social behavior in juvenile rats. Neonatally lesioned and sham-lesioned rats showed a significant reduction in social grooming (IBO: *po0.001; SHAM: *po0.001), crawl over (IBO: *p ¼ 0.041; SHAM: *p ¼ 0.049), and the total amount of social behaviors (IBO: *p ¼ 0.001; SHAM: *po0.001) compared to controls. There were no significant differences between the different treatment groups in social exploration, but lesioned rats showed a significant increase in tail manipulation compared to shams (*p ¼ 0.044) and controls (*p ¼ 0.043) (IBO and SHAM, n ¼ 13; CONTROL, n ¼ 12).
Effects of neonatal excitoxic lesions of mPFC
M Schneider and M Koch phase compared to vehicle-treated rats. No effects
Figure 7
Frequency of social behavior in adult rats. In adult animals, no effects were seen in tail manipulation and the total amount of social behavior. Neonatal lesions had no effects on the frequency of crawl over, but all cannabinoid-treated animals showed a significant reduction of crawl over (p ¼ 0.047). Social grooming was significantly reduced in all lesioned rats (po0.001) compared to controls and cannabinoid treatment also induced a general reduction in grooming behavior (p ¼ 0.001). Furthermore, social exploration was significantly enhanced in WIN-treated shamlesioned (p ¼ 0.005) and lesioned (*po0.001) rats compared to vehicletreated groups (IBO, IBO/WIN, SHAM, SHAM/WIN, CONTROL and CONTROL/WIN, n ¼ 9). Figure 8 Time spent in compartment 1 (social partner) and compartment 2 during the CPP test for social contact. All groups developed a significant place preference for the compartment associated with social contact (IBO: *po0.001; SHAM: *po0.001; CONTROL/WIN: *po0.001; CONTROL: *po 0.001) (IBO/WIN, IBO, SHAM/WIN, and CONTROL/ WIN, n ¼ 12; SHAM and CONTROL, n ¼ 11), except WIN-treated lesioned and sham-lesioned rats that did not develop a place preference at all. 
DISCUSSION
The present data show that neonatal excitotoxic lesions of the mPFC in combination with chronic pubertal treatment with the cannabinoid agonist WIN lead to disturbances of play fighting, social behavior, and self-grooming in juvenile and adult rats. In addition to specific lesion effects, surgery by itself induced a vulnerability for the pubertal cannabinoid treatment in lesioned and sham-lesioned rats with respect to nonplayful social behavior.
Play Fighting
Neonatal lesions reduced pinning in juvenile rats compared to shams and controls. This effect does not seem to be due to a loss of play motivation since no reduction was detected in the number of initiated or received attacks, and also the probability of defending against playful attacks was not affected. Similarly, reduced pinning cannot be accounted for by locomotor deficits since all groups performed the full range of defensive responses available for deflecting attacks to the nape and did not differ in their locomotor activity in the open field. In the juvenile rat, the most frequent type of facing defense is to rotate completely to a supine position, thus blocking access to the nape and creating the opportunity to use the limbs to ward off the attacker . Neonatal mPFC-lesioned rats were less likely to adopt this juvenile pattern of defense compared to controls and shams, but showed an increase in the total number of partial rotations. Partial rotation, an adult-like pattern of defense, involves an incomplete rotation around the longitudinal axis, while standing on the hindlegs. From this position, the defender can either rear to an upright position or push against the attacker with the hip (Pellis et al, 1992; . Furthermore, we found a significant reduction in lesioned animals in the probability of initiating a pinning configuration by adopting a complete rotation. This means that lesioned rats did not only show a lower incidence of pinning but were also less likely to initiate a pin themselves by adopting the bottom position. Therefore, neonatal excitotoxic lesions of the mPFC lead to a behavioral shift of social play in juvenile rats to an adultlike pattern of defense. This behavioral shift induces a reduction in pinning and shortens the interactions between the play partners. Notably, an almost identical disturbance of play behavior was described before by Pellis et al after neonatal decortication in rats. The authors suggested that the cortex is important for the selection of appropriate defensive behaviors. It was proposed that the cortex inhibits the more adult-like response that would tend to shorten the length and repetitiveness of juvenile play (Pellis et al, 1992) . The findings of the present study lend support for a role of the mPFC in inhibitory control over the adult-like behavioral defense in juvenile rats. This is consistent with the general functions of the PFC: the temporal organization of behavior and cognitive behavioral control (Fuster, 2002) . Cognitive control processes enable response flexibility by selecting contextually relevant perceptual, mnemonic, and motor representations or processing pathways, and organizing and integrating these representations (Badre and Wagner, 2004) . Beside a cortical involvement in behavioral selection during juvenile play, it was also shown that dopamine depletion by neonatal 6-OHDA lesions of the nucleus accumbens (NAC) and caudate putamen disrupted the organization of play behavior in juvenile rats. Patterns of social play were displayed in a normal way, but lesioned animals responded inappropriately to play initiation and were easily distracted (Pellis et al, 1993) . Input to these striatal structures comes inter alia from the amygdala (Kelley et al, 1982) , lesions of which have also been shown to disrupt pinning in juvenile male rats (Wolterink et al, 2001; Daenen et al, 2002) . Furthermore, lesions of the dorsomedial and parafascicular thalamus also decrease social play (Vanderschuren et al, 1997) . Therefore, a deficient connection between the mPFC and important cortical projection areas, including the amygdala, the thalamus, and the NAC, induced by the neonatal cortical lesion, might contribute to the changes of juvenile defensive behavior observed in the present study. Furthermore, the mPFC itself exerts an important regulatory control on the subcortical mesolimbic dopamine system by efferent projections to the ventral tegmental area, which controls the dopamine output in the NAC (Carr and Sesack, 2000) . It has been shown before that neonatal mPFC lesions induce a disturbance in the functional development and maturation of the mesolimbic dopaminergic system (Flores et al, 1996; Brake et al, 2000; Bennay et al, 2004) . Hence, the disruption of juvenile play behavior by neonatal mPFC lesions might be due to a sequela of developmental pathologies including disruption of normal functioning of mesostriatal dopamine systems.
Inadequate social behavior is a notable characteristic of early brain damage (Eslinger et al, 2004) and several developmental psychiatric disorders, including schizophrenia and autism (DSM IV, American Psychiatric Association, 1994) . A recent functional MRI study showed a deficit in the left prefrontal cortex in schizophrenia during a socioemotional task. The integrity of the PFC seems thus to be crucial for adequate response selection in a social context (Russell et al, 2000) .
In adult rats, no differences could be found between treatment groups in pinning frequency, the number of attacks received, and the probability of defending against playful attacks. However, in neonatally lesioned rats, the number of attacks to the nape of their play partners was reduced. Since the frequency of playful attacks is generally regarded as a measure for play motivation (Pellis et al, 1992) , the reduction of attacks may be due to a loss in the motivation of lesioned rats to engage in play. Furthermore, lesioned rats that had received the chronic cannabinoid administration were more likely to evade upon an attack compared to all other treatment groups, which was shown both by the total and relative (percent) number of evades. The enhanced use of evade behavior upon an attack shortens playful interactions. As mentioned above, the neonatal mPFC lesion reduced the motivation for play in adult rats. The chronic cannabinoid administration in pubertal rats exacerbates this lack of interest in playful activities, since WIN-treated lesioned rats not only initiate less attacks but also evade more often upon attack than all other treatment groups. Lesioned cannabinoid-treated rats also showed reduced social CPP (also discussed below), suggesting reduced motivation for social interactions.
Interestingly, the changes in defense and the initiation of attacks seen in the present study in males after neonatal lesions and chronic WIN treatment resemble the female pattern of play. The frequency of attacks is lower in playing females than in males, and female rats are more likely than males to evade as an defensive maneuver . It has been suggested that this female defensive response in play might arise inter alia from enhanced anxiety . Previous studies have shown that cannabinoids increase neophobic responses and anxiety in rats (Arevalo et al, 2001 ) and in humans (Hall and Solowij, 1998) . In our study, WIN treatment induced center avoidance in the open field suggesting increased anxiety (Cannizzaro et al, 2001; Jinks and McGregor, 1997) . It is well known that cannabinoid receptor agonists enhance the release of endogenous opioids, and it was suggested by Marin et al (2003) that the anxiogenic-like effect of cannabinoids could be mediated by an interaction with the k-opioid receptor. The mPFC is also involved in the expression of anxiety, mainly through its modulatory impact on the amygdala (Milad and Quirk, 2002; Grace and Rosenkranz, 2002; Rosenkranz and Grace, 2001; Rangel et al, 2003) . Therefore, the reduced motivation to play in adult rats, after neonatal lesions and chronic pubertal cannabinoid administration, might be due to enhanced anxiety.
We also evaluated the percentage of play behavior that appeared during the light period relative to the total occurrence of play. No differences were detected after neonatal lesions in juvenile play during the light phase, where play behavior was seldom. However, in adult rats, chronic pubertal cannabinoid treatment increased play behavior during the light phase. This effect is probably not due to a general increase in motor activity since WINtreated rats did not show an increase in overall play behavior, and activity in the open field. Likewise, this effect can not be due to a general reduction in anxiety, since WINtreated groups showed a higher open field center avoidance than vehicle-treated rats, which is considered an index of anxiety (Cannizzaro et al, 2001; Jinks and McGregor, 1997) . We assume that the unusual occurrence of play during the light phase after pubertal WIN treatment may be due to changes in the sleep-waking cycle, where the cannabinoid system plays a regulatory role (Adams and Barratt, 1975; Murillo-Rodriguez et al, 1998; Santucci et al, 1996) .
Social Behavior and CPP for Social Contact
Social behavior unrelated to play and CPP for social contact were used to assess the effects of neonatal lesions and peripubertal WIN treatment on the development of social behavior. As juveniles, neonatally lesioned and sham-lesioned rats showed reduced grooming and crawl over and thus a decrease in the total amount of social behaviors compared to controls. Additionally, a significant increase in tail manipulation was detected in lesioned rats compared to shams and controls. Tail manipulation occurs most frequently at the ages of 17-20 days in rats and normally remains at a low incidence as the animals grow older . Therefore, increased tail manipulation in lesioned rats suggests inadequate behavioral selection, similar to the disturbances in the selection of defensive play strategies described before.
Although it is known that the PFC is involved in social behavior (De Bruin, 1990; Wood, 2003) , the adverse lesion effects on social grooming and crawl over seen in our study are probably not caused by cortical lesions per se, because shams were impaired as well. These findings support other studies showing that cryoanesthesia (Nunez et al, 1998; Nunez et al, 2000; Kolb and Cioe, 2001 ) and maternal separation (Matthews and Robbins, 2003; Newport et al, 2002) in neonatal rats affect both brain and behavior and underscore the importance of the use of naïve control groups in neonatal lesion studies. Although maternal separation in our study occurred only once and did not exceed 1 h, this does not exclude the possibility of subsequent disturbances in social development. It has been shown that neonatal isolation has immediate effects on various stress-responsive systems, since plasma corticosterone levels are significantly increased within 30 min of isolation (McCormick et al, 1998) , and that stress and concomitant corticosterone secretion facilitates mesolimbic dopaminergic activity (McCormick et al, 2002; Pani et al, 2000) . Given that stress clearly affects social behavior, and that early life experience affects an individual's stress response (Tang et al, 2003) , it is possible that neonatal surgery impairs the development of social skills. These findings appear to be incongruent with the stress-hyporesponsive period in rodents (pd 4-14) , where the adrenal response to stress is minimal (Levine, 2001; Schmidt et al, 2002) . However, there is evidence that the normal dam-pup interaction, particularly maternal tactile stimulation of the pup, actively inhibits the endocrine stress response in neonatal rats. Thus, during early development, most of the peripheral and central stress-responsive systems are capable of being activated (Levine, 2001) .
In adult animals, the pubertal cannabinoid treatment reduced crawl over and social grooming behavior and the neonatal mPFC lesion also decreased social grooming. Additionally, an enhancement of social exploration in WINtreated shams and lesioned rats was found. Similar effects were seen in CPP for social contact, where only WIN-treated lesioned and sham-lesioned rats failed to develop a place preference. Studies on cannabinoid actions on nonaggressive social behavior are rare, but indicate that acute and chronic administration of D 9 -tetrahydrocannabinol reduces social interaction in rodents (Van Ree et al, 1984; Sieber et al, 1980) and induces social withdrawal and isolation in baboons (Sieber, 1982) . Additionally, a recent study showed reduced social interaction in cannabinoid receptor (CB1) knockout mice (Haller et al, 2004) . The mechanisms by which these cannabinoid-induced social impairments are mediated are unknown so far, but an interaction with stressresponsive systems might be involved. It has been shown that cannabinoids stimulate the hypothalamus-pituitaryadrenal (HPA) axis as reflected by elevations of corticosterone and adrenocorticotropin hormone plasma levels (Manzanares et al, 1999) , and that chronic perinatal cannabinoid treatment increases corticosterone levels in adult rats (Navarro et al, 1994) . Beside the important role of corticosterone in the regulation of dopaminergic neurotransmission (Czyrak et al, 2003; Pani et al, 2000) , it was proposed that D1 receptors might oppositely regulate the release of corticosterone by activation of neurons in the paraventricular nucleus of the hypothalamus (Czyrak et al, 2003) . There is evidence that pubertal cannabinoid treatment persistently alters mesolimbic dopaminergeric activity in adult rats (Schneider and Koch, 2003; Pistis et al, 2004) . Therefore, social impairments induced by pubertal cannabinoid administration may derive from an altered dopaminergic modulation of the HPA axis. The findings of reduced social behavior by neonatal lesions and by pubertal WIN treatment are also consistent with the withdrawal from playful activities in lesioned, WIN-treated rats shown in the present study.
Similar behavioral effects of early cortical disturbances are seen in humans. Patients with early lesions of the PFC show long-term impairments in social behavior, failure to respond to behavioral interventions, and show defective social and moral reasoning (Anderson et al, 1999; Eslinger et al, 2004) . These studies are consistent with our present findings and indicate a crucial role of the mPFC in social development of mammals. In addition, the lesion-induced disturbances of juvenile play behavior described in the present study may also contribute to the social deficits observed, since play fighting is of major importance for the development of communicative skills and appropriate behavioral patterns. It was shown before that play deprivation in juvenile rats causes abnormal patterns of social, sexual, and aggressive behaviors in adulthood. Therefore, social play might function to establish social organization, serve to develop the ability to express and understand intraspecific communicative signals, and to cope with social conflicts (Vanderschuren et al, 1997) .
The WIN-induced enhancement of social exploration and reduction of the rewarding value of social interaction in isolated rats was only seen in sham-lesioned and lesioned rats, suggesting an interaction between neonatal surgery and pubertal cannabinoid treatment. The increase in anogenital and body investigation might be caused by disturbances in social recognition. Thereby, the normally rewarding value of contact to a familiar social partner during CPP might be perceived as aversive in WIN-treated shams and lesioned rats, since interactions with unfamiliar conspecifics induce social stress (Blanchard et al, 2001) .
As mentioned before, autistic children show impoverished or atypical social behavior (Waterhouse et al, 1996; Grossman et al, 1997) . Likewise, social withdrawal and social isolation are among the key components of negative symptoms in schizophrenia (Daenen et al, 2002; DSM IV, American Psychiatric Association, 1994) . Furthermore, it has been shown that limited social functions in childhood are precursors of impaired social function in adulthood (Goldberg and Schmidt, 2001) . Social withdrawal and isolation have been identified as schizophrenic prodromal behaviors in children (Moller and Husby, 2000) . The complex social disturbances found in the present study in juvenile rats might provide a model to study the neuronal correlates of such early stages of psychiatric diseases.
Self-Grooming
Care of the skin and fur protects the animal from injury and infections from ectoparasites and other agents and plays a role in thermoregulation. Laboratory rats spend about 40% of their waking time engaged in self-grooming, which is a complex instinctive behavior that is little affected by individual experience (Robertson et al, 1999) . In juvenile rats, self-grooming was reduced in all groups that underwent surgery compared to controls. However, in adult rats the deficient self-grooming behavior only persisted in neonatally lesioned rats. Disturbances in self-grooming in adult animals may relate to a maldevelopment of mesocorticolimbic systems induced by neonatal mPFC lesion. Although various neurotransmitters can influence selfgrooming behavior, dopamine is particularly important. Self-grooming is differently modulated by stimulation of D1 and D2 receptors (Serafim and Felicio, 2001) and is impaired by lesions of brain regions that are rich in dopaminergic inputs, for example, the striatum, the hippocampus, and the cortex (Cromwell and Berridge, 1996; Vanderwolf et al, 1978) . In particular, the interaction between those different brain regions seems to play a crucial role in the regulation of self-grooming behavior (Vanderwolf et al, 1978) . It has been shown that neonatal lesions of the mPFC alter the functional development of mesocortical networks (Brake et al, 2000; Bennay et al, 2004) . Therefore, the disturbances in self-grooming behavior in adult rats after neonatal cortical lesions may be caused by persistent disturbances of dopaminergic systems.
The reduction of self-grooming behavior in juvenile rats cannot be explained by the lesion of the mPFC, since shamlesioned rats were affected as well. This effect might therefore relate to the general surgical stress that was discussed before. However, the sham effect disappeared during further pubertal development since sham-lesioned groups did not show an impairment in self-grooming behavior as adults.
Conclusions
In the present study, complex disturbances of social play, social behaviors unrelated to play, self-grooming, and reduced prefrontocortical volume in rats are shown following neonatal mPFC lesions on pd 7 and pubertal cannabinoid treatment.
Early prefrontal damage in humans leads to severe disturbances in social behavior in adulthood (Eslinger et al, 2004) . However, not only early brain lesions but also subtle changes of brain development can have adverse effects on social behavior later in life. Capitalizing on the neurodevelopmental hypothesis of psychiatric disorders, several animal models were set up in the past decade, including neonatal excitotoxic lesions of the ventral hippocampus (Lipska et al, , 2002a , the amygdala (Wolterink et al, 2001; Daenen et al, 2002) , and also the mPFC (Flores et al, 1996; Brake et al, 2000; Bennay et al, 2004; Schwabe et al, 2004) . The study of neural systems involved in disturbances of social functioning in psychiatric disorders has become increasingly popular in recent years, since impaired social skills are among the hallmarks of psychiatric diseases (DSM IV, American Psychiatric Association, 1994). However, animal models for negative symptoms of psychiatric disorders are quite rare (Ellenbroek and Cools, 2000) .
Neonatal lesions of the ventral hippocampus induce disturbances of social interaction (Becker et al, 1999; Sams-Dodd et al, 1997) and social memory in rats (Becker and Grecksch, 2000) . Neonatal amygdala lesions have been shown to disrupt juvenile social play, whereas neonatal hippocampal lesions do not (Daenen et al, 2002; Wolterink et al, 2001) . However, those studies did only evaluate duration and frequency of pinning, which by itself is an insufficient measure for the mechanisms of an altered frequency of social play (Pellis et al, 1992) and did not use unoperated control groups. Therefore, further studies are needed to clarify these lesion effects on social play and social behavior.
Taken together, our data indicate that the mPFC is not necessary for juvenile rats to engage in social play per se, but is important for an adequate juvenile response selection. The present findings suggest that the mPFC contributes to the development of adult social behavioral skills, social motivation, and self-grooming. This crucial role of the mPFC in behavioral development may be mediated by facilitating juvenile social play, since normal play fighting is important for the development of communicative skills and appropriate behavioral patterns (Vanderschuren et al, 1997) . Moreover, our findings suggest an involvement of the cannabinoid system in anxiety and social behavior. Additive effects of neonatal surgeryinduced stress or cortical lesions and pubertal cannabinoid administration are also shown.
The disturbances of social and nonsocial behavior shown in the present study in rats are comparable to some symptomatological as well as etiological aspects of neurodevelopmental disorders. Since cortical volume loss (Falkai et al, 2001; Selemon, 2001) , inadequate and atypical social behavior, social withdrawal, and deficient cooperative play (DSM IV, American Psychiatric Association, 1994) are among the findings of patients in schizophrenia and autism, we propose the combination of neonatal cortical lesions with chronic cannabinoid administration during pubertal development as an appropriate animal model for studying the origin and neuronal correlates of impaired social functioning in neurodevelopmental disorders.
